The characterization of fractures is of vital importance for studies in many industries. In the present work, we used terahertz reflection measurements to identify simulated gaps of different widths that resemble fractures. The time interval between pulses (Δt) was proportional to the distance between the interfaces. In addition, fast Fourier transform (FFT) corresponding to the waveforms was also employed to distinguish the gaps. The widths in frequency were found to be inversely proportional to that of the gaps. In general, both terahertz time-domain spectroscopy (THz-TDS) and terahertz frequency-domain spectroscopy (THz-FDS) can achieve the measurement of the gaps of micro size.
Introduction
Fractures often appear in many natural and artificial materials, because of a lower elastic modulus on account of corrosion, fatigue, cyclic loading and a sudden switch of pressure. In constructions, the automotive industry, aerospace and other fields, fractures can affect the material performance and thus reduce the durability of the structure, which will cause hidden security trouble. 1, 2 In addition, due to weathering, erosion, changes of climate and demolished by humans, fractures exist in numerous precious cultural relics that are badly in need of repair and protection. 3 In oil and gas exploration, accurate descriptions and predictions of reservoir fractures are the key to the exploration and development of fractured reservoirs. In many kinds of tight reservoirs, fractures not only control the distribution of oil and gas reservoirs, but also is the main flow channel of fluid in fractured reservoirs, which has an important control effect on the productivity of oil and gas. In the process of oil and gas production, it is often necessary to destroy the underground rock mass, through fracturing and other means to achieve production. [4] [5] [6] The research of a fracture development law has become the most important issue concerning this type of oil gas reservoir in order to improve exploration and development benefits, and it has important significance in the field of the oil and gas exploration and development. Therefore, it is of significance to characterize fractures in different media and to obtain the parameters of fractures, which could help us to analyze the reasons and development trends of fractures.
At present, researchers have developed a series of characterization methods about fractures in many kinds of materials, especially in building materials. Many methods have been used in concrete structures, such as visual inspection methods, the radar method, moire method, infrared thermal image method, acoustic emission method, holographic interferometry, the brittle paint coating method, crack extension method, fiber optic crack sensors method, impact echo method, ultrasonic method, and so on. [7] [8] [9] For some aerospace composites, nondestructive approaches are widely used, because these materials have the characteristics of high manufacturing costs, special structure, and a special use environment. A series of non-contact detection methods have rapidly developed: for example, ultrasonic testing, infrared thermal image, speckle interferometry, holographic imaging, superconducting quantum interference, laser ultrasonic and electromagnetic ultrasonic technology. [10] [11] [12] In oil and gas exploration, reservoir rocks are deep underground with complex environments. Predicting the development degree of underground reservoir rocks usually uses logging identification and seismic identification methods. [13] [14] [15] In the laboratory, some detection methods, such as acoustic emission, vertical and horizontal wave speed ratio, core training experiment testing, methods of acoustic inversion, a CT scan, and so on, are used to accurately identify fractures of the core. [16] [17] [18] Terahertz (THz), which ranges from 0.1 to 10 THz, bridges the gap between microwave and infrared spectroscopy, and has important scientific significance and research value. THz is secure because it has a very low photon energy. THz is invisible for the majority of nonmetal and non-polar materials, so it could serve as a kind of nondestructive testing means to detect defects in materials. 19 THz-TDS could provide abundant information concerning intermolecular and low-frequency intramolecular modes of chemicals, and provide amplitude and phase information of sample simultaneously. As a contactless method, the THz technique was only little sensitive to the thermal background radiation, and did not need a sample pretreatment.transient electric field, itself, is measured, not simply its intensity, and this determines the amplitude and phase of each of the spectral components that make up the pulse. Zhao et al. explored three kinds of polystyrene foam using THz-TDS in 2002. 20 The sample with a foaming agent can be clearly distinguished by a THz-TDS. In 2010, Quast et al. detected artificial defects of foam structures by the THz continuous wave imaging system. 21 Two years later, Roth et al. used THz-CT to detect foam of space the shuttle's fuel-tank thermal protection system. They found defects with size of 10 -50 mm. 22 Fitzgerald et al. made a nondestructive analysis of tablet coating thicknesses using terahertz pulsed imaging. 23 In their study, reported herein, it was possible to distinguish between two brands of across-the-counter ibuprofen tablets. The terahertz maps obtained were compared with obtained photographs of cut-through sections; there was good agreement. In addition, the terahertz technology has been applied to building materials, historical relics, reservoir rock, coal, oil and gas. [24] [25] [26] [27] [28] [29] [30] [31] [32] In the present work, the samples that were made by tableting were placed in parallel so as to imitate fractures with different scales. THz-TDS was used to detect gaps of samples, which will supplement existing methods.
Experimental
Samples were mixtures of 0.5 g sand and 1 g polyethylene powder; the size of the sand was within 75 μm. Mixtures were made by tableting with 25 MPa pressure for 2 min to get 2 samples whose diameters were 30 mm and the thicknesses were, respectively, 1.92 and 1.94 mm. They were numbered 1 and 2. THz-TDS of the samples and reference were respectively measured under an environment of nitrogen, and the refractive indexes (n) and absorption coefficients (α) spectra of samples were obtained by computing. As shown in Fig. 1 , the frequency range is 0.1 -1 THz, which has a more reliable signal-to-noise ratio. On the one hand, the absorption coefficients of the samples increase along with the frequency increase. Two curves are very close, and there is no obvious absorption peak. On the other hand, the refractive index of sample 1 is slightly increased, but for sample 2, it remains unchanged. The average refractive indexes of the two samples were 1.562 and 1.564, respectively.
Results and Discussion
The two samples were fixed on the two ends of a clamp, which could be, respectively, arranged in parallel to adjust the distance between the two ends of the clamp. Firstly, samples whose distance was adjusted to the minimum were placed in a reflex THz-TDS system, and the measured spectrum was marked as 0. After that, the distance between the samples increased by 80 μm each time. Their spectra, which were measured by THz-TDS, were numbers for 1 to 10 in turn. Spectra are shown in Fig. 2 .
In order to observe more clearly, the spectrum 1 -10 were moved vertically so as to avoid any spectral overlap. The terahertz wave was reflected by the front and back surface of sample 1 and 2, respectively. As a result, with an increase of the delay time, four obvious signals were observed in every spectrum. As shown in Fig. 2 , because the horizontal coordinate is the time, the distance between signal 1 and signal 2 is the time that the terahertz wave spread back and forth in sample 1, also known as the time-of-flight. In a similar way, the same is true of other signals. The phase positions of adjacent signals are opposite, because a half-wave loss exists in the process. Therefore, in the following calculation, we take the time distance between the peak of the front signal and the valley of the back signal as the interval time of two signals. The formula for calculating the width of the gap or samples is:
In Eq. (1), dx is defined as the width of the gap between the samples. Here, c refers to the speed of light in a vacuum. Δtx refers to the time interval between signal 2 and signal 3, and nx refers to the refractive index of medium. According to Eq. (1), the widths of sample 1 and sample 2 can be calculated; they are, respectively, 1.918 and 1.935 mm, which conforms to actual widths of samples and shows that the thickness of the sample can be accurately measured by THz reflection spectrum.
According to the Fig. 2 , it can be found that there are 4 signals in spectra 2 to 10. The positions of the front two signals are basically unchanged, but with an increase of the number, positions of two signals behind are moved back. However, in the spectra 0 and 1, the middle signals are overlapped. The half-height width of middle signal increases obviously in spectra 1, and in spectra 0, the amplitude of the signal is increased Table 1 .
According to Table 1 , the relation curve between the adjusted distance of samples (Δd) and the width of gap (d) is shown in Fig. 3 .
It can be seen from the Fig. 3 that the width of gap (d) has a linear relation with the adjusted distance of samples (Δd), whose formula is:
In Eq. (2), the standard deviations of the slope and the intercept are, respectively, 0.01163 and 0.00608, and the correlation coefficient is 0.99952. The error mainly roots in two aspects: test errors in the process when the sample is adjusted and analytical error due to get time interval. In addition, Eq. (3) can be obtained according to Eq. (2):
Equation (3) shows that the width of the gap, though the spectra is greater than the adjusted distance of the samples, because the samples' surfaces is not so flat that the actual width of the gap is greater than 0 (d > 0) when the samples are close together. Consequently, the width of the gap (d) is the actual width of gap, and the minimum width of the gap is 0.33 mm.
In Fig. 2 , the middle signals are overlapped in spectra 0 and 1. Because the time-domain signal has a certain width, when the distance between the two samples is smell, the delay time is so short that the time-domain signals overlap, and the distance between them can not be clearly distinguished. The smaller width of gap can not be directly characterized. In order to do further analysis, the middle signals of all spectra are made FFT; the result is shown in Fig. 4 .
It can be shown in Fig. 4 that there is an oscillation in the frequency-domain graph, and the number of oscillation increases with the increase of spectral labeling. In addition, the width of the oscillation gradually becomes narrower with the increase of spectral labeling. Figure 5 shows a relation curve between the signal bandwidth (Δf ) and the width of gap (d). According to Eq. (3), the widths of gaps can be calculated, and is, respectively, 0.18426 and 0.2638 mm in spectra 0 and 1.
It can be seen in Fig. 5 that the signal bandwidth (Δf ) decreases with the increase of width of gap (d), which is in inverse proportion. The interval of two signals can be seen as the repetition cycle, so the relationship of the width of the gap and the signal bandwidth is an inverse relationship between the frequency and the period. The relation curve between the reciprocal of the signal bandwidth (1/Δf ) and the width of gap (d) can be obtained, which is consistent with time spectrum. The error is also existed in Fig. 5 and there are two reasons. The one is a pattern distortion after FFT due to fewer test points in time-domain spectroscopy. The other is the low signal-to-noise ratio. In a word, the width of the gap can also be measured by the THz frequency-domain spectrum. From the above analyses, the width of the gap (d) and the thickness of the sample can be obtained by measuring the interval time of the time-domain signals in THz-TDS. In addition, frequency-domain spectroscopy is obtained by a fast Fourier transform of the time-domain spectrum. The width of the gap (d) can also be obtained through the inverse proportion between the signal bandwidth (Δf ) and the width of the gap (d). The minimum gap measured by THz reflection spectrum is 0.33 mm.
Conclusion
In the present work, THz reflection measurements were used to test simulated gaps with different widths to resemble fractures. The temporal separation between pulses (Δt) is a major parameter used to calculate the width of the gap; also, the width of the gap (d) has a linear relation with the adjusted distance of the samples (Δd). After FFT, there is oscillation in the frequency-domain graph, and the signal bandwidth (Δf ) decreased with increasing the width of the gap (d), which is in an inverse proportion. The results show that both THz-TDS and THz-FDS can achieve the measurement of gaps of micro size. In further research, we will use the THz spectrum to characterize real fractures in different media. The THz spectrum will be a supplement for existing nondestructive methods, and become a necessary mature technology in the nondestructive testing industry.
